Mutations in DNAJC13 gene have been linked to familial form of Parkinson's disease (PD) with Lewy pathology. DNAJC13 is an endosome-related protein and believed to regulate endosomal membrane trafficking. However, the mechanistic link between DNAJC13 mutation and a-synuclein (aSYN) pathology toward neurodegeneration remains poorly understood. In this study, we showed that PD-linked N855S-mutant DNAJC13 caused aSYN accumulation in the endosomal compartment, presumably due to defective cargo trafficking from the early endosome to the late and/or recycling endosome. In vivo experiments using human aSYN transgenic flies showed that mutant DNAJC13 not only increased the amount of insoluble aSYN in fly head but also induced dopaminergic neurodegeneration, rough eye phenotype and age-dependent locomotor impairment. Together, these findings suggest that DNAJC13 mutation perturbs multi-directional endosomal trafficking, resulting in the aberrant endosomal retention of aSYN, which might predispose to the neurodegenerative process that leads to PD.
Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease, and is clinically characterized by a progressive movement disability, impaired balance, and a variety of non-motor symptoms (1) (2) (3) (4) . The neuropathological hallmark of PD is the preferential loss of pigmented dopaminergic neurons in the substantia nigra pars compacta and the appearance of intracellular inclusions named Lewy bodies (LBs), which are composed primarily of hyperphosphorylated, filamentous a-synuclein (aSYN) (5) . The implication of aSYN as a culprit of PD-linked neuropathology expanded enormously when the SNCA gene, by which it is encoded, was identified as the first PD-related gene (6, 7) . Although more than 90% of PD cases occur sporadically, the identification of genes linked to familial PD has offered several hints regarding the molecular pathogenic basis of the disease (8) . Although the cellular process underlying the selective neuronal loss in PD remains elusive, some of these genes encode proteins that are involved in membrane/vesicle trafficking, and growing evidence has shown that several neurodegenerative diseases, including PD, Alzheimer's disease and amyotrophic lateral sclerosis, are strongly related to defects in endosomal membrane trafficking (9) (10) (11) .
Recently, the DNAJC13 gene has been identified as a causative gene for the autosomal-dominant PARK21-linked familial form of PD (12, 13) . The clinicopathological phenotype of PARK21 patients is late-onset, dopa-responsive parkinsonism with LB pathology and neuronal cell loss in the substantia nigra, consistent with idiopathic PD (14) . DNAJC13 was originally identified as the mammalian homolog of receptor-mediated endocytosis 8 (RME-8) in a screen for endocytic defect phenotypes in Caenorhabditis elegans (15) . DNAJC13/RME-8 is a relatively large protein (> 200 kDa), comprising over 2000 amino acids residues, and is ubiquitously expressed but not especially abundant in the nervous system (16) . Structurally, it contains four IWN repeated motifs of unknown function and a central Dnaj binding domain (J-domain); hence, this protein is labeled as the Dnaj (Hsp40) homolog, subfamily C, member 13. The J-domain can bind to the Hsc70 chaperone, thereby stimulating Hsc70 ATPase activity for conformational and refolding capacities (17) . RME-8 is known to localize on the endosome membrane and interacts with the tail domain of FAM21 (family with sequence similarity 21) protein in the Wiskott-Aldrich syndrome protein and Scar homolog (WASH) complex and sorting nexin 1 (SNX1), which are key determinants of the functional endosomal subdomain organization of retromer machinery (18) (19) (20) (21) . Given these findings, DNAJC13 has been proposed to regulate recycling, degradation and retrograde retrieval of cargo trafficking in the endosomes (22) (23) (24) . However, in the context of the aSYN-related neurodegenerative process that leads to PD, the biochemical significance of mutant DNAJC13 itself remains unclear. In the current study, we demonstrated that the co-expression of mutant DNAJC13 with aSYN in COS7 cells resulted in the conspicuous retention of aSYN in the early endosome compartment. Intriguingly, this observation was accompanied by impaired cargo sorting from the early to the late and/or recycling endosomes, as well as disorganized assembly of actin networks on the endosomes. Furthermore, we found that the expression of human N855S-mutant DNAJC13 led to dopaminergic neurodegeneration, rough eye phenotype and locomotor impairment in transgenic (tg) Drosophila melanogaster when combined with overexpressed human aSYN. Importantly, these pathological phenotypes were accompanied by the accumulation of insoluble aSYN in fly head. These findings indicate that mutant DNAJC13 hampers the general endosomal sorting pathway, as well as the retention of cargo molecules, including aSYN, which might synergistically drive the neurodegenerative process leading to PD.
Results

Mutant DNAJC13 hampers cargo transfer from early to late endosomes
The early endosome not only serves as the primary sorting hub but also determines the fate of internalized cargoes. Namely, cargoes take charge of their own destiny and play an active role in their own trafficking by recruiting specific regulators such as small Rab GTPases (25) . Given the known function of DNAJC13 endosomal trafficking, it is possible that endosomal transport may get stuck in the presence of the PD-linked mutant form. To address this, time-lapse images were taken using wild-type (wt) or PD-linked N855S-mutant DNAJC13-expressing COS7 cells exposed to pHrodo V R Red-epidermal growth factor (EGF) conjugate, a pH-sensitive fluorescent molecule that enables monitoring of the endocytic pathway from the plasma membrane to the endo-lysosomes. The pathogenicity of the N855S mutant is reinforced by segregation with disease, lack of healthy controls with mutation and the high level of sequence conservation across species (13) . As shown in Figure 1A , cells expressing wt-DNAJC13 displayed red fluorescence within a few minutes after the initiation of pHrodo-EGF loading (white arrow in the upper panel). In contrast, it took much longer (20 min) to detect red signals in cells expressing mutant DNAJC13 (white arrow in the lower panel). These findings were not cell-type specific phenomenon in COS7 cells since similar results were observed in human neuronal SH-SY5Y cells (Supplementary Material, Fig. S1 ). After binding with EGF receptor (EGFR), EGF is initially segregated to the early endosome, then delivered to the late endosome/lysosome for degradation. In an attempt to determine whether mutant DNAJC13 could affect the degradation process of internalized EGF, cells expressing wt or mutant DNAJC13 were incubated in conditioned medium containing 2 lg/ml Alexa 555-labeled EGF for 1 h, followed by immunostaining with an antibody against a late endosome/lysosome marker, LAMP-1 (Fig. 1B) . As expected, EGF tended to accumulate in LAMP-1-positive structures in cells expressing wt DNAJC13. In contrast, red EGF puncta remained scattered throughout the cytoplasm in cells expressing mutant DNAJC13, and such colocalization was not observed. In agreement with this, a cycloheximide chase experiment demonstrated that the decay kinetics of EGFR in GFP-N855S-mutant DNAJC13-expressing cells was significantly prolonged compared with that in mock or GFP-wt DNAJC13-transfected cells (Fig. 1C) . Cumulatively, these results provide evidence that mutant DNAJC13 hampers cargo transport from early endosomes to the downstream acidic compartments.
Mutant DNAJC13 impairs cargo transport from early to recycling endosomes Next, we asked whether mutant DNAJC13 could negatively impact the recycling process of transferrin, which is a wellknown cargo from the early to the recycling endosome. In COS7 cells expressing wt or mutant DNAJC13, red puncta of the Alexa 555-transferrin conjugate appeared in the cytoplasm within 5 min and reached a plateau approximately 15 min after incubation ( Fig. 2A) . Thereafter, in cells expressing wt DNAJC13, transferrin signals faded away to the prolonged time point of 35 min. In contrast, transferrin stayed slightly longer in the cytoplasmic space of cells expressing mutant DNAJC13, indicating that mutant DNAJC13 impairs transferrin recycling. Note that the effects of wt and mutant DNAJC13 expression on transferrin trafficking were almost identical in SH-SY5Y neuronal cells (Supplementary Material, Fig. S2 ). To confirm this in a quantitative way, a pulse-chase experiment was employed to monitor the recycling kinetics of transferrin into the extracellular space (Fig. 2B) . As anticipated, the reduction of transferrin was significantly delayed in cells expressing mutant DNAJC13 compared with that in mock or wt DNAJC13-transfected cells. Together, these results suggest that mutant DNAJC13 compromises cargo trafficking from the early to the recycling endosome. (B) Cells were exposed to 2 lg/ml Alexa 555-labeled EGF for 1 h followed by immunostaining with LAMP-1 as a lysosome marker. EGF tended to accumulate and co-localize with LAMP-1-positive structures in cells expressing wt DNAJC13. In contrast, red EGF puncta remained scattered throughout the cytoplasm, and co-localization with LAMP-1 was not observed in cells expressing mutant DNAJC13. Scale bar: 10 lm. The co-localization rate of EGF and LAMP-1 is shown in the right panel. The data were statistically analyzed by one-way ANOVA with a post-hoc Dunnett's test. *P < 0.05, n ¼ 38 (mock), 41
(wt-DNAJC13) and 45 (mutant DNAJC13). (C) A cycloheximide (100 lg/ml) chase experiment demonstrated that the decay kinetics of EGFR in mutant DNAJC13-expressing cells was significantly prolonged compared with that in mock or wt DNAJC13 transfected cells. Hsp90 was used as a loading control. The EGFR/Hsp90 densitometric ratio is presented in the right panel. The data were statistically analyzed by a two-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05 (n ¼ 4).
Mutant DNAJC13 disrupts actin cytoskeletal organization on endosomes
In a number of independent studies, DNAJC13/RME-8 has been shown to be associated with the WASH complex, which is required for the formation of endosomal tubulation via actin network (18, (26) (27) (28) . Indeed, actin contributes to trafficking by acting as a scaffold, providing force to control membrane curvature, thus facilitating vesicle abscission or protrusion inside or outside the cell. In light of the above, we sought to ascertain whether mutant DNAJC13 influences actin network biosynthesis. For this purpose, we stained GFP-DNAJC13-expressing COS7 cells with Alexa 555-conjugated phalloidin, a bicyclic peptide that selectively binds to hyperpolymerized actin filaments (F-actin). In comparison to wt DNAJC13, N855S-mutant DNAJC13 exhibited less colocalization with actin in COS7 and SH-SY5Y cells ( Fig. 3A and Supplementary Material, Fig. S3A , respectively). It should be noted that wt-DNAJC13 tends to accumulate in a juxtanuclear, eccentric position, whereas the mutant DNAJC13 displayed a more dispersed distribution in the perinuclear areas. To delineate the morphological nature of mutant DNAJC13-positive endosomes in detail, COS7 cells were co-transfected with GFP-DNAJC13 and mStrawberrytagged Rab GTPase. While wt-DNAJC13 was exclusively colocalized with the early endosome marker Rab5A, mutant DNAJC13 overlapped with not only Rab5A but also Rab7A and Rab11A, which are known to be expressed prior to the transition from early to late and/or recycling endosomes, respectively ( 
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Distance ( and subjected to western immunoblot analysis. Rab5, Rab7 and Rab11 were used as markers for the early, late and recycling endosome, respectively. The intensity of each immunoblot band was quantified by densitometric scanning (n ¼ 3). Note that the distribution of the DNAJC13 mutant was recovered as a slightly narrow flotation peak in higher density fractions compared with that of wt DNAJC13.
Pathogenic DNAJC13 mutation induces aberrant endosomal retention of a-synuclein
Although aSYN is predominantly localized in the neuronal cytosol, both monomeric and fibrillar forms of aSYN are transported in part through the endocytic pathway (30) (31) (32) . In our previous observations, aSYN in the early endosome has at least two different fates (30, 32) . Specifically, in the physiological state, endosomal aSYN is condemned for lysosomal degradation or re-secreted out of the cells via the Rab11A-dependent recycling endosomal pathway. In view of its subcellular location and putative function, it is tempting to speculate that mutant DNAJC13 could potentially influence the subcellular trafficking of aSYN. To prove this, COS7 cells over-expressing GFP-DNAJC13 and mStrawberry-Rab5A were exposed to Alexa-647 labeled human recombinant aSYN and endosomal trafficking of SYN was monitored by time-lapse microscopy ( Fig. 4A) . In wt-DNAJC13-expressing cell, internalized aSYN started to appear in DNAJC13 and Rab5A double-positive early endosome (white arrowhead) after 1.5 min, increased gradually by 7.5 min and thereafter, this aSYN-containing endosome began to dock and fuse with adjacent endosomal vesicle, allowing to convey its cargoes, including aSYN, to the acceptor site (indicated by white asterisk). In N855S-mutant DNAJC13-expressing cell, mutant) and mStrawberry-tagged Rab5A were exposed to Alexa 647-labeled aSYN and time-lapse images were taken during the indicated periods. In wt-DNAJC13-expressing cell, internalized aSYN started to appear in DNAJC13 and Rab5A double-positive early endosome (white arrowhead) after 1.5 min, increased gradually by 7.5 min and thereafter, this aSYN-containing endosome began to dock and fuse with adjacent endosomal vesicle, allowing to convey its cargoes, including aSYN, to the acceptor site (indicated by white asterisk). In N855S-mutant DNAJC13-expressing cell, aSYN-bearing early endosome (yellow arrowhead) was also observed by 1. aSYN-bearing early endosome (yellow arrowhead) was also observed by 1.5 min following exposure; however, the aSYNpositive endosome stagnated in one place and did not fuse with downstream compartment to the prolonged time point of 15 min. In agreement with this, subcellular fractionation analyses using COS7 and SH-SY5Y cells exposed with recombinant human aSYN demonstrated that the exogenous induction of mutant DNAJC13 substantially increased the amount of aSYN in the endosomal compartment in both cell lines (Fig. 4B) .
Mutant DNAJC13 exacerbates eye phenotype of flies expressing human a-synuclein
To determine the toxicity of PD-linked mutant DNAJC13 in vivo, we have generated tg flies expressing N-terminal myc-tagged human wt or N855S-mutant DNAJC13 under the control of the eye-specific GMR expression cassette (Fig. 5A ). To examine whether pathogenic DNAJC13 mutation gives rise to an additive effect on aSYN-induced toxicity, wt and mutant DNAJC13 tg flies were crossed with flies carrying either EGFP, as a control, or human SNCA (Fig. 5B) . The eyes of both EGFP and wt-DNAJC13 tg flies appeared normal, and even under the condition of SNCA expression, the phenotypic alteration remained minimal, such as slight irregularity of ommatidial array or size (Fig. 5B , white arrow). Mutant DNAJC13 tg flies also displayed mild eye disorganization (e.g. ommatidial loss and/or irregularity of ommatidial array or size); however, this phenotype was strikingly enhanced by simultaneous expression of SNCA (Fig. 5B ). These findings imply that N855S-mutant DNAJC13 per se may act as an aggravating factor for aSYN-induced cytotoxicity.
Mutant DNAJC13 exacerbates neurotoxicity in human a-synuclein transgenic flies
We then investigated the impact of mutant DNAJC13 on neurotoxicity in flies overexpressing human aSYN under the neuron-specific elav promoter. First, we performed immunohistochemical staining of fly brain using an antibody against tyrosine hydroxylase (TH) to assess the dopaminergic neuron loss in the protocerebral posterior lateral (PPL) clusters of dopamine neurons in fly brain. The numbers of TH-positive neurons in all fly lines carrying human SNCA were significantly lower compared with fly lines expressing EGFP control construct (Fig. 5C ).
In SNCA-expressing group, the mean number of dopaminergic neuron in mutant DNAJC13 fly was significantly lower compared with EGFP or wt DNAJC13 fly lines. Next, to evaluate the impact on the motor performance, we utilized a simple but powerful behavioral assay, the climbing assay. In the case of EGFP expression, there is no significant difference in the climbing score among control, wt and mutant DNAJC13 tg flies. On the other hand, under the expression of human aSYN, mutant DNAJC13 tg flies showed a significant, age-dependent decline in climbing ability compared with EGFP or wt-DNAJC13 tg flies (Fig. 6A ).
Mutant DNAJC13 expression leads to accumulation of insoluble aSYN in fly head
In order to investigate the possible effect of mutant DNAJC13 expression on the solubility and/or the accumulation of aSYN in fly brain, we conducted immunoblot analyses using the heads of transgenic flies. Actin was used as a reference in western blotting experiment. In comparison with the fly lines carrying EGFP or wt-DNAJC13, the co-expression of N855S-mutant DNAJC13 resulted in the accumulation of PBS insoluble-aSYN, which was accompanied by the slight reduction of PBS solubleaSYN in fly head (Fig. 6B) .
Discussion
As the name implies, several lines of evidence indicate that RME-8 specifies endocytic fate (16, 33) . Nevertheless, subsequent studies have suggested that this phenotype is attributable instead to its involvement in the post-endocytic trafficking machinery. Specifically, RME-8 is purported to play a crucial role in the recycling and the degradation of EGFR and transferrin, as well as the retrograde retrieval of cation-independent mannose phosphate receptor (CI-MPR) (22) (23) (24) . In our experimental setting, there was no clear difference in the chronological sequence of transferrin endocytosis between wt and mutant DNAJC13-expressing cells; however, mutant DNAJC13 not only compromised EGF/EGFR transport from early endosomes to the downstream acidic compartments but also impaired transferrin recycling from early endosomes to the cell surface. The latter finding is well corroborated by the preliminary functional analysis showing that the expression of N855S-mutant DNAJC13 in COS7 cells leads to the accumulation of transferrin in the endosomal compartment (13) . Aside from its functional interaction with Hsc70 through the J-domain, the RME-8 N terminus is important both for endosomal membrane association and for interaction with FAM21 in the WASH complex, whereas the C-terminal sequence is required for binding to SNX1 (18, 24, 34) . Purportedly, RME-8 is likely to behave as a functional coordinator between the WASH complex and the retromer/SNX dimer in the paradigm of endosomal cargo transport machinery. With the cooperation of actin nucleation factor Arp2/3 complex, the WASH complex promotes F-actin patch formation on the endosome, and its activity is associated with endosomal sorting of cargo proteins (35) . Indeed, RNAi-mediated silencing of WASH significantly perturbs actin assembly in cultured cells (36) . In the absence of WASH, abscission of membrane tubules protruding from endosomes is impaired (37, 38) and genetic ablation of WASH, as well as pharmacological disruption of its action in fibroblast-like cells delayed EGF transport to LAMP-1-positive late endosomes (27) . These observations indicate that actin polymerization by the WASH complex can influence the shape and maturation of endosomes, thereby also controlling the degradation and recycling steps of endocytic trafficking. Since all of these findings seem to be analogous to the negative impact on actin network formation and endosomal trafficking congestion in PD-linked mutant DNAJC13-expressing cells, we suppose that N855S-mutant DNAJC13 would influence the WASH complex in a dominant-negative fashion. It is widely accepted that the process of early-to-late endosome maturation is accompanied by the transition from Rab5 to Rab7 accumulation on the endosomes (39) . This Rab conversion is followed by the recruitment of SNX1, allowing the initiation of membrane tubulation, through which distinct endosomal sorting events are conducted (26, 28, 40) . Similarly, during the process of recycling from the early endosome, Rab11A is recruited on the early endosome, followed by SNX1 recruitment (28) . Perhaps, the co-existence of Rab5A, Rab7A or Rab11A in mutant DNAJC13-positive structures observed in our experiment might also reflect the stagnation in endocytic recycling, as well as early-to-late endosome transition. This notion might also be supported by our observation showing that mutant DNAJC13 tended to be scattered throughout the cytosolic space, whereas wt-DNAJC13 accumulated in a juxtanuclear eccentric position, because early-to-late endosome maturation is characterized by endosome movement from the cell periphery toward a juxtanuclear location (41) . Furthermore, it is possible that the narrow floatation peak of mutant DNAJC13 in the result of density-gradient centrifugation could be explained by cargo proteins stuck in the early endosome compartment. Supporting this notion, a prior study demonstrated that the endosomes of cells expressing mutant DNAJC13 increase in size and/or density under transferrin overload conditions (13) . RME-8 is highly conserved, and several homologs exist in a variety of species, including invertebrates and plants. In SNCA-expressing group, the mean number of dopaminergic neuron in mutant DNAJC13 fly was significantly lower compared with that in EGFP or wt DNAJC13 fly lines. Scale bar: 10 lm. The results are presented as the means 6 standard errors. The data were statistically analyzed by a two-way ANOVA followed by Tukey's multiple comparison test. *P < 0.05 (n ¼ 22-34).
The RME-8 homolog of fruit fly was discovered in a screen of Xray-mutagenized progeny for mutations that enhanced the rough eye phenotype caused by the overexpression of dominant-negative mutant dynamin (33) . Upon expression of nonsense mutant Rme-8 in fly under an eye-specific promoter, the endocytosis of Boss (a transmembrane protein in photoreceptor cells) was arrested, whereas neither wt nor J-domaindeleted mutant Drosophila Rme-8 expression had an obvious effect on ommatidial development (33) . In line with this finding, overexpression of human wt or N855S-mutant DNAJC13 alone resulted in a minimal change in eye size and shape. Still, we made the important discovery that, not only the accumulation of insoluble aSYN and dopaminergic neurodegeneration in fly brain, but also the rough eye phenotype and locomotor decline Under expression of human aSYN, the climbing score of mutant DNAJC13 tg flies was significantly lower than that of EGFP or wt-DNAJC13 flies starting 7 days after birth. The elav-GAL4 driver was used for the experiment. The results are presented as the means 6 standard errors. The data were statistically analyzed by a two-way ANOVA followed by Tukey's test for multiple comparisons. *P < 0.05 (n ¼ 4). (B) Mutant DNAJC13 changes the solubility of aSYN. Mutant DNAJC13 reduced the levels of PBS-soluble aSYN, but increased the amount of PBS-insoluble aSYN in the brain of human aSYN-engineered flies. Pan-actin was used as a loading control. The elav-GAL4 driver was used for the transgene expression. *P < 0.05 (n ¼ 4).
in human N855S-mutant DNAJC13 tg fly were significantly augmented when wt human aSYN was co-expressed. It is intriguing to note that a systematic RNAi screen demonstrated the involvement of the endocytic pathway in neuronal dysfunction in human SNCA tg worm (42) . Likewise, excess amount of aSYN hinders intracellular vesicle trafficking and recycling as a result of interaction with prenylated Rab acceptor protein 1 (43) . In addition, there is evidence showing that aSYN oligomers, but not monomers or fibrils, influence the rate of transferrin receptor internalization and recycling in cultured cells (44) . Taking these findings into consideration, the distinct phenotypic manifestation in our fly model could be interpreted at least in part as an additive effect of endosomal trafficking failure by the coexistence of overexpressed mutant DNAJC13 and aSYN. Although the final biological process executing dopaminergic neuronal cell death by mutant DNAJC13 remains unclear, an interesting scenario is that the perturbation of endosomal trafficking owing to the aforementioned DNAJC13 loss-of-function mutation may also confer an increased tendency for aSYN to localize in the endosome compartment; on the other hand, the increased cellular burden of aSYN may further impact endosomal function, creating a vicious cycle of endosomal failure and hazardous aSYN accumulation. Intriguingly, recent studies have demonstrated that the stagnation of endo-lysosomal trafficking by exogenously added aggregated proteins such as aSYN, tau and huntingtin Exon1 with pathologic polyglutamine repeats equally exhibit the ability to provokes the rupture of endolysosomal membrane in cultured neuronal cells (45, 46) . In addition, it is known that aSYN species in endo-lysosomal compartments show noticeable aggregation tendency compared with those in the cytosol (30) . The exact reason why intravesicular aSYN has a high propensity to form aggregates remains unclear. However, specific environments inside the vesicle such as a high calcium concentration and low pH as well as the molecularly crowded milieu might synergistically promote aSYN fibrillization (47) (48) (49) . Thus, it could be possible that insoluble, fibrillar forms of aSYN released by the perturbation of endosomal membrane might serve as a 'seed' to boost up hazardous aSYN aggregation in the neuronal cytosol. This scenario is interesting when considering about the biogenesis of LBs, since the same markers of vesicle rupture surround LBs in brain sections from PD patients (45) . On the other hand, we cannot exclude the possibility that aSYN-independent mechanisms may underlie the process of neuronal cell death by DNAJC13/RME-8 malfunction.
For example, a recent report has shown that genetic depletion of Drosophila Rme-8 perturbs Rab4-mediated Notch recycling and creates a predisposition to pathogenic signaling (23) . In summary, our detailed cell biological examination revealed that mutant DNAJC13 hampers the multi-directional endosomal sorting pathway, as well as retention of cargo molecules, including aSYN, which might synergistically accelerate the neurodegenerative process leading to PD. Furthermore, we importantly found that in human aSYN tg flies, the expression of PD-linked pathogenic mutant DNAJC13 exacerbated the rough eye phenotype and locomotor impairment, which was accompanied by the build-up of insoluble aSYN and dopaminergic neurodegeneration in fly head. There is increasing evidence that abnormality in the WASH complex-retromer/SNX machinery is relevant to a variety of neurodegenerative diseases (13, (50) (51) (52) (53) (54) (55) . Further investigation of the functional network of the endosome trafficking pathway in neuronal cells will not only lead to a better understanding of the pathophysiology but also pave the way for the discovery of therapeutic strategies against PD and related disorders.
Materials and Methods
Plasmid preparation and transfection
The mammalian expression vectors pAAV-CAG/GFP-wt-DNAJC13 and pAAV-CAG/GFP-N855S-DNAJC13 (NM015268) were generous gifts from Dr Matthew J. Farrer (University of British Columbia, Vancouver, Canada). Human wt Rab5A (NM004162), Rab7A (NM004637) and Rab11A (NM004663) cDNAs were subcloned into pmStrawberry vector (Clontech/Takara, Shiga, Japan). Human wt-aSYN expression vector pcDNA3.1(þ)/wt-aSYN (NM000345.3) was prepared according to a previous report (31) . Plasmids were transfected into COS7 cells using FuGENE V R HD transfection reagent or the NEPA Gene square-wave electroporator (NEPA Gene, Chiba, Japan).
Western immunoblot analysis
After preparing the fly head using PBS or cell lysates using radioimmunoprecipitation assay (RIPA) buffer [1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM EDTA, 10 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 150 mM sodium chloride, 50 mM TrisHCl (pH 8.0) plus 1Â Cømplete V R protease inhibitor cocktail; Roche, Basel, Switzerland], the protein concentration was determined using a BCA protein assay kit (BioRad, Hercules, CA). The lysate dissolved in Laemmli buffer was electrophoresed on SDS-PAGE gels and transferred onto polyvinylidene difluoride (PVDF) membranes. After being blocked with 5% milk in TBST, the membrane was incubated with the primary antibody and subsequently with the secondary antibody. The antibodies used in this study were as follows: anti-myc 
Subcellular fractionation
Subcellular fractionation was performed according to methods described previously (30, 57) . In brief, mechanically harvested cells were resuspended in 2 ml of ice-cold fractionation buffer [10 mM Tris/acetic acid (pH 7.0) and 250 mM sucrose] and homogenized using a 27-gauge needle. The homogenate was cleared by three successive centrifugation steps (500g for 2 min, 1000g for 2 min and 2000g for 2 min). The supernatant was centrifuged at 4000g for 2 min to pellet the plasma membranes and nuclei. The supernatant was then ultracentrifuged at 100 000g (P55ST2 swing rotor, Hitachi Koki Co., Ltd., Tokyo, Japan) for 2 min to pellet the mitochondria, endosomes and lysosomes (fraction EL). The lysosomes were isolated from fraction EL by a 10 min osmotic lysis using five times the pellet volume of distilled water. After another centrifugation step at 100 000g for 2 min, the lysosomes remained in the supernatant, whereas the endosomes and mitochondria were in the pellet.
Time-lapse image acquisition
After being kept on ice for 10 min, the cells were washed twice with live cell imaging solution (LCIS, Life Technologies/Thermo Scientific, Rockford, IL) and further incubated in conditioned LCIS containing 2 lg/ml pHrodo Red-EGF conjugate (Thermo Scientific), 25 lg/ml Alexa 555-transferrin (Thermo Scientific) or 14 lg/ml Alexa 647 labeled aSYN for 30 min. After extensive washing with LCIS, cells were incubated in prewarmed (37 C) conditioned LCIS for 5 min, then time-lapse images of internalized EGF or transferrin were captured on an FV300 confocal laser scanning microscope (Olympus, Tokyo, Japan) equipped with a MMW-001 heat-stable CO 2 chamber (Matsunami Glass Co. Ltd., Osaka, Japan). The fluorescent intensity of Alexa 555-transferrin and pHrodo-EGF in each cells were measured using the ImageJ software.
EGF internalization assay
Before the EGF internalization assay, the cells were pretreated with cycloheximide (100 lg/ml for 6 h) to halt protein synthesis. After incubation with prewarmed conditioned medium containing EGF (50 ng/ml), cells were harvested at the indicated intervals (0, 1 and 2 h) and were subjected to immunoblot analysis. The band intensity was quantitatively analyzed by densitometric scanning.
Transferrin recycling assay
After being kept on ice for 10 min, the cells were washed twice and further incubated with transferrin (25 lg/ml) on ice for 30 min. After additional washing steps, the culture medium was replaced with prewarmed DMEM. At 0, 15, 30 and 60 min, the cells were harvested and subjected to western immunoblotting.
Fluorescence confocal microscopy
The cells were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) for 20 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min, and blocked with 3% normal goat serum in PBS for 30 min. Anti-LAMP-1 (H4A3, 1: 1000; DSHB, Iowa City, IA), the primary antibodies, were incubated with the cells for 18 h at 4 C. Next, the cells were incubated with anti-mouse IgG Alexa-conjugated secondary antibodies for 1 h at room temperature. In some experiments, Alexa Fluor 555-conjugated phalloidin (Thermo Fisher Scientific) was used for the visualization of actin-containing structures. A histogram showing the fluorescence intensity pattern of GFP-DNAJC13 (green) and Alexa 555-phalloidin (red) was made from the calculated data by the ImageJ software. Fluorescent images were captured with the FV300 confocal laser scanning microscope system (Olympus).
OptiPrep density-gradient centrifugation
After being washed twice with ice-cold PBS, the cells were collected, resuspended in homogenization buffer (0.25 M sucrose, 2 mM MgCl 2 , 100 mM EDTA, 10 mM Tris-HCl, pH 7.4). The cells were disrupted by pushing them through a 27-gauge needle and were centrifuged at 1000g for 5 min to eliminate the nuclei and undestroyed cells. The supernatants were placed on a 5-20% linear OptiPrep gradient and then ultracentrifuged at 4 C for 18 h at 90 000g using a P40ST swing rotor (Hitachi Koki). Following the ultracentrifugation, the total volume gradient was separated into 500 ll fractions, collected from top to bottom using a semi-automated fraction collector (ADVANTEC, Tokyo, Japan).
Drosophila stocks
Fly culture and crosses were performed under standard conditions at 25 C. The fly lines bearing elav-GAL4, UAS-EGFP
and UAS-h[wt]-SNCA transgenes were obtained from the Bloomington Drosophila Stock Center at Indiana University. Transgenic fly lines bearing GMR-GAL4 have been described previously (58) . To generate human DNAJC13 tg flies, human wt or N855S-mutant DNAJC13 containing a myc-tag at the N terminus were subcloned into the Drosophila transformation plasmid vector pUAST. The plasmids were microinjected into embryos according to the standard protocol (BestGene Inc., Chino Hills, CA).
Eye images
The eye phenotypes of anesthetized male flies within 3 days after birth were evaluated. Scanning electron microscopic images were obtained using a Miniscope TM-1000 (Hitachi, Tokyo, Japan). The number of ommatidia within per 200 Â 200 lm 2 area was counted (usually 200 ommatidia).
Immunohistochemical analyses
Fly brains at 6 weeks after eclosion were dissected, fixed in 4% formalin in PBS and stained using an antibody against TH (1 : 100, Millipore, Billerica, MA), followed by detection using Alexa-conjugated secondary antibody. The numbers of THpositive neurons in the PPL clusters per hemisphere were counted and statistically analyzed (two-way ANOVA followed by Tukey's multiple comparison test).
Climbing assay
The climbing assay was performed according to the published protocol but with slight modifications (59) . In brief, 10-20 male flies were placed into a conical glass tube (length, 15 cm; diameter, 2.5 cm) without anesthesia. Ten seconds after being tapped to the bottom of the tube, the flies in each vertical area were counted and scored as follows: score of 0 (0-2 cm), 1 (2-3.9 cm), 2 (4-5.9 cm), 3 (6-7.9 cm), 4 (8-9.9 cm) or 5 (10-15 cm). Five trials were performed in each group at 20 s intervals, and the climbing index was calculated as follows: each score multiplied by the number of flies was divided by the total number of flies, and the mean score of each trial was calculated. The results are presented as the means 6 standard errors of the scores obtained in four to five independent experiments. All climbing assay experiments were conducted at 25 C.
Statistical analyses
Quantitative data are expressed as the mean 6 SE. Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA).
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